As in the combinatorial approach to materials discovery, pressure tuning allows the phase space of interaction parameters that determine materials' properties to be explored more rapidly than by traditional means. Both the thermoelectric power and electrical conductivity of BaBiTe 3 are found to increase upon compression. As a result there is a dramatic increase in the dimensionless thermoelectric figure of merit ZT from ϳ0.1 to ϳ0.8. We suggest a mechanism for the enhancement involving an electronic topological transition. Such transitions can be induced both by means of pressure tuning and alloying, offering a potential route to reproducing the pressure induced improved behavior reported here by chemical means.
INTRODUCTION
There is currently much interest in the search for improved thermoelectric materials. 1 Pressure tuning may offer a means to increase the rate of discovery of such materials. 2, 3 Thus far pressure tuning studies have revealed large improvements in the thermoelectric properties of the semiconductors Sr 8 Ga 16 Ge 30 , 4 Sb 1.5 Bi 0.5 Te 3 , 5 and Nd x Ce 1Ϫx Pt 3 Sb 4 .
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The expression for the figure of merit, which determines material efficiency, is
ZTϭS

T/, ͑1͒
where S is the thermoelectric power, is the electrical conductivity, and is the thermal conductivity. BaBiTe 3 is a complex semiconductor ͑Fig. 1͒ that exhibits promising properties for thermoelectric applications. 6 Here we report a dramatic improvement in the thermoelectric figure of merit of pressure-tuned p-type BaBiTe 3 , as a result of an increase in the thermoelectric power and a decrease in the electrical resistivity. The increase in the thermoelectric power may be associated with an electronic topological transition that occurs when a band extremum crosses the Fermi level. 7 These results demonstrate that improved ZT is possible in BaBiTe 3 and suggest strategies for attempting to reproduce the improved behavior at ambient pressure. We also report the effect of compression on the thermoelectric properties of n-type BaBiTe 3 which, in contrast to the behavior observed for p-type BaBiTe 3 , does not exhibit an increase in thermoelectric power under pressure.
EXPERIMENT
BaBiTe 3 was synthesized as reported earlier. The crystal structure features stacked two-dimensional ͓BiTe 3 ͔ networks separated by Ba atoms ͑Fig. 1͒. 6 There are two types of Te-Te distances in the structure, those with Te-Te single bonds ͑ϳ2.8 Å͒ and those with longer, yet significant, Te-Te interactions of ϳ3.2 to 3.3 Å. It would appear that pressure induced changes in these latter distances could cause large changes in the electronic structure. The pressure dependence of the thermoelectric power was measured using Mao-Bell type diamond anvil cells. 8 A culet size of about 1 mm and a gasket hole of the same size were used. Typical sample dimensions were 450ϫ80ϫ25 m. Monoclinic ZrO 2 was used as the pressure-transmitting medium. ZrO 2 is not a quasihydrostatic pressure medium and a substantial uniaxial stress component is transmitted to the sample. A focused Nd-YLF infrared laser beam is used to induce a temperature gradient. An error analysis indicates that the precision of the thermoelectric power measurement, ⌬S/S, is approximately 0.008. Pressure is measured by the ruby fluorescence method.
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RESULTS AND DISCUSSION
The largest effect on ZT is expected from the thermoelectric power because of the quadratic dependence in Eq. ͑1͒. The thermoelectric power of p-type BaBiTe 3 measured at ambient pressure and temperature in the diamond anvil cell is 209 V/K, consistent with the value reported previously. 6 Upon compression in the ZrO 2 medium, the thermoelectric power increases to 315 V/K at 0.96 GPa and then falls rapidly ͑Fig. 2͒. The measurements were repeated four times on different samples and the increase in thermoelectric power was found to be reproducible. If the pressure is not increased above 1.2 GPa, there is no hysteresis and the thermoelectric power returns to the initial ambient pressure value ͑Fig. 3͒. The reversibility of this measurement indicates that a͒ On leave from Indira Gandhi Center for Atomic Research, Kalpakkam 603 102, Tamil Nadu, India.
b͒ Author to whom correspondence should be addressed; electronic mail: jbadding@chem.psu.edu errors associated with the movement of the thermocouples, changes in sample dimensions, or changes in thermal contact between the sample and the thermocouples are not significant up to at least 1.2 GPa.
The sign of the thermoelectric power reverses at 3.9 GPa. The doping of the p-type material has not yet been optimized and the sign reversal suggests that both n-and p-type carriers may be present, but with an excess of p carriers at ambient pressure. Defects and or microstructural changes induced by compression may alter the proportion of n-and p-type carriers, although much of the decrease in the thermoelectric power above 2 GPa is likely not simply due to a change in carrier concentration, but rather changes in electronic structure. A change in the sign of the thermoelectric power of p-type BaBiTe 3 also occurs upon cooling below 180 K, again suggesting the presence of both n-and p-type carriers. 6 Further investigation will be necessary to determine the origin of the change in sign of the thermoelectric power upon compression.
Upon release of pressure after compression to 9.0 GPa, there is considerable hysteresis in the thermoelectric power below 4.5 GPa ͑Fig. 2͒. This hysteresis may be due to the irreversible introduction of defects or other sample damage. Similar irreversible behavior has been observed in other semiconductors under both nonhydrostatic and quasihydrostatic stress conditions. 3, 10 There is a local maximum in the thermoelectric power at 0.74 GPa during decompression.
The pressure coefficient of the thermoelectric power 1/S ‫ץ/‪S‬ץ‬ P, in the range 0.04 -0.8 GPa, is about 1.7/GPa. It is interesting to note that the pressure coefficient for p-type Sb 1.5 Bi 0.5 Te 3 is about 0.64/GPa, almost six times that of BaBiTe 3 . Furthermore, the thermoelectric power peaks at a higher pressure of about 1.7 GPa for Sb 1.5 Bi 0.5 Te 3 as compared to 0.95 GPa for p-type BaBiTe 3 . 5 In contrast to the large increase observed for p-type BaBiTe 3 , the absolute value of the thermoelectric power for the n-type material decreased with pressure ͑Fig. 2͒. It is the electronic structure near the chemical potential that determines the value of the thermoelectric power, which, according to Mott, can be expressed as
where (E) is the electrical conductivity determined as a function of energy and E F is the chemical potential. 11 This equation shows that S is maximized for materials that exhibit a rapid variation in (E) within a few kT of the chemical potential. Because the electrical conductivity is dependent on the density of states ͑along with the relaxation time ͒, the variation in the electronic density of states near the chemical potential is important to the magnitude of the thermoelectric power. A large variation in the density of states, which can be caused by having a band edge near the chemical potential, will result in a large S. The shifts in the electronic structure 12 also exhibited a decrease in thermoelectric power upon compression. 13 Thus a rich variety of behaviors are observed for the thermoelectric power of doped semiconductors under pressure.
To estimate ZT under pressure for p-type BaBiTe 3 , in addition to the thermoelectric power, it is important to have both the electrical and thermal conductivities. We measured the electrical resistivity by means of a conventional dc fourprobe technique using the same compression conditions as for the thermoelectric power measurements. The electrical resistivity falls rapidly from 0.024 ⍀ cm ͑42 S/cm͒ at ambient pressure 6 until approximately 1 GPa, where it is 0.0025 ⍀ cm ͑400 S/cm͒ and thereafter decreases monotonically with pressure ͑Fig. 4͒. At 0.96 GPa, where the thermoelectric power is at a maximum, the resistivity is 0.0029 ⍀ cm ͑348 S/cm͒. The sharp decrease in resistivity at a rate ‫ץ/ץ)/1(‬ P in the range 0.1-1.1 GPa of Ϫ1.02/GPa is suggestive of narrowing of the band gap with pressure and is consistent with the reported already small magnitude of the band gap of ϳ0.3 eV at ambient pressure.
14 Sb 1.5 Bi 0.5 Te 3 has a larger coefficient of resistance Ϫ2.2/GPa, consistent with a smaller reported band gap of 0.15 eV. 6, 15 The total thermal conductivity can be measured under pressure, but relatively few laboratories are equipped to do so. Instead, we place an upper bound on the total thermal conductivity, which is the sum of the electronic ( e ) thermal conductivity and lattice ( l ) thermal conductivity, as follows. Because the electrical conductivity for p-type BaBiTe 3 at the present doping level is relatively low, according to the Wiedemann-Franz law ͑L 0 Tϭ e /, where L 0 Tϭ5 ϫ10 Ϫ3 mW/S K at 298 K͒ 16,17 the electronic thermal conductivity must also be low, approximately 0.21 mW/cm K. 6 The electrical conductivity at 0.96 GPa increases by a factor of 8.3 ͑i.e., from 42 to 348 S/cm͒. Therefore, according to the Wiedemann-Franz law, the electronic thermal conductivity should also increase by a factor of 8.3 to 1.74 mW/cm K at 0.96 GPa.
The lattice thermal conductivity of BaBiTe 3 may increase with pressure because phonon frequencies often increase with pressure. However, the phonon frequencies should not shift as much as in more compressible materials such as CsI. At V/V 0 ϭ0.92, a compression greater than that of BaBiTe 3 at 0.96 GPa (V/V 0 ϭ0.98), the total thermal conductivity of CsI ͑which is due entirely to the lattice because CsI is an insulator͒ increases by a factor of 2. 18 It is therefore unlikely that the lattice thermal conductivity of BaBiTe 3 increases by more than a factor of 2 at 0.96 GPa. We use as a conservative upper bound for the thermal conductivity of p-type BaBiTe 3 at 0.96 GPa two times the ambient pressure value of 6.3 mW/cm K 6 or 12.6 mW/cm K. The upper bound on the total thermal conductivity is then the sum of 1.7 and 12.6 mW/cm K or 14.3 mW/cm K, a little more than double the value at ambient pressure. The actual change in the thermal conductivity under pressure for BaBiTe 3 is likely to be somewhat less than this upper bound.
Measurements of the relative changes in thermal conductivity with pressure have been reported for the semiconductors PbTe and Sb 2 Te 3 . 19 They exhibit relative increases in total thermal conductivity (electronicϩlattice) that are comparable to or smaller than the ͑lattice͒ thermal conductivity of CsI up to at least 1.6 GPa. These materials, like BaBiTe 3 , are small band gap semiconductors composed of heavy elements. The increases in their total thermal conductivity at 1 GPa range from 10% to 60% ͑Table I͒, compared with the increase of 100% taken as an upper bound for the corresponding change in BaBiTe 3 . A good fraction of the increase will be due to changes in the electronic thermal conductivity as the electrical conductivity increases with pressure. The lattice thermal conductivity for Sb 2 Te 3 , for example, is about 4.8 mW/cm K, compared with an electronic thermal conductivity of 16.3 mW/cm K estimated from the WiedemannFranz law ͑Table I͒. 16, 17 The electrical conductivity in small band gap doped semiconductors tends to increase rapidly with pressure, resulting in a corresponding increase in electronic thermal conductivity under pressure. The behavior of these semiconductors that share key compositional and structural features with BaBiTe 3 indicates that the increase in the lattice thermal conductivity up to 0.7 GPa is likely to be considerably less than a factor of 2.
The ZT value for p-type BaBiTe 3 is ϳ0.085 at ambient temperature. 6 Using Sϭ315 V/K, ϭ348 S/cm, and ϭ14.3 mW/cm K, ZT at 0.96 GPa becomes 0.72, a considerable enhancement. Based on our observations of similar increases in thermoelectric power in more heavily doped semiconductors, we believe that the large increase in the thermoelectric power observed here could still occur in a more optimally doped sample that would have a considerably larger ambient pressure ZT. A more complete analysis in which ZT and the power factor (S 2 ) are plotted as function of pressure ͑Fig. 5͒ reveals that the maximum ZT actually occurs at a somewhat higher pressure than the maximum in the thermoelectric power because of the continuing increase in the electrical conductivity with pressure. These plots were made using measured values for the thermoelectric power and electrical resistivity and the aforementioned assumptions regarding changes in the thermal conductivity. ZT is slightly higher, 0.84 at 1.1 GPa.
Maxima in the thermoelectric power with pressure that resemble the behavior observed in BaBiTe 3 have been observed in doped semiconductors and metals that are undergoing an electronic topological transition ͑ETT͒, such as Bi 2 Te 3 . [20] [21] [22] [23] [24] An ETT occurs when a band extremum crosses the Fermi energy resulting in a change in the topology of the Fermi surface and a strong energy dependence to the electronic density of states near the Fermi energy. This change in electronic density of states causes an anomaly in the thermoelectric power. There are many reports of maxima in the thermoelectric power associated with an ETT. The band extrema calculated for BaBiTe 3 are relatively flat and could have significant impact on the thermoelectric power if they crossed the Fermi level. 6, 15 An ETT is an electronic transition that is not associated with a structural phase transition. [20] [21] [22] [23] [24] X-ray diffraction measurements 25 showed that there is no change in crystallographic structure in BaBiTe 3 up to 3.7 GPa. We have observed similar behavior in compressed Sb 1.5 Bi 0.5 Te 3 , which also appears to be undergoing an electronic topological transition that gives rise to a record ZT in excess of 2 at a pressure of 2 GPa. 5 Electronic topological transitions can be induced not only by pressure, but also by alloying. 26 -28 Any method that allows continuous tuning of the electronic structure can in principle induce an ETT. A large number of alloys exhibit ETTs and as a result typically have maxima in their thermoelectric power. 26 -28 A strategy for attempting to reproduce the improved thermoelectric properties here would be to design a semiconductor alloy that undergoes an ETT. Alloying BaBiTe 3 with a ''compressed'' compound that has smaller atoms incorporated into the structure might mimic the effect of pressure. Electronic band structure calculations on such compounds and on BaBiTe 3 itself should be performed to assess the changes in electronic structure that occur under pressure and whether such changes can be mimicked by means of alloying.
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